This study theoretically investigated the magnetic properties and electronic structure of a graphene-based nano-spin-valve-like structure. Magnetic nickel layers on both sides of the graphene were considered. A spin-polarized generalizedgradient approximation determined the electronic states. In an energetically stable stacking arrangement of graphene and two nickel layers, the anti-parallel spin configuration of the underlayer and overlayer magnetic moments had the lowest energy, which is in agreement with previous experimental studies. The 
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Introductions
Graphene, a carbon-based 2D material with extraordinary in-plane charge mobility [1] , has attracted interest as an ideal material for application in microelectronics [2, 3] and sensing [4] . Experimentally, graphene is synthesized by chemical vapor deposition (CVD) and yields well-ordered 3m symmetry on the substrate surface [5, 6] . Graphene grown on top of the transition metal enables the sensitive tuning of transport properties [7, 8] . By contrast, graphene gives a unique magnetic response owing to edge states or by growing on top of the ferromagnetic material [7, [9] [10] [11] [12] [13] [14] . Its interesting tunable transport properties and unique magnetic response as well as its weak spin-orbit coupling and long spin scattering length [15] make graphene a prospective material for spintronics devices.
Many studies have attempted to fabricate graphene-based spintronic devices as new potential materials for magnetic tunneling junction (MTJ) applications. The Ni(111) surface is the most commonly used metal contact to study graphene-based spintronics owing to its structure similar to that of graphene (the smallest lattice mismatch among other transition metals) and its strong hybridization with graphene [7, 16] . Recent experimental and theoretical studies of graphene in a sandwich structure with Ni(111) suggested two structural models: (i)Ni/graphene/Ni contact, where graphene is used as a bridge between two nickel electrodes and the current flow is parallel to the plane, and (ii)Ni/Graphene/Ni spin valve structure, which consists of two Ni slabs sandwiching a graphene layer and the current flows out of the plane. A theoretical study of the Ni/graphene/Ni contact reported a high magnetoresistance ratio [17] [18] [19] . However, no experimental study has yet confirmed this. Meanwhile, the Ni/graphene/Ni spin-valve structure can be synthesized easily and shows the change of the magnetoresistance ratio due to an external magnetic field 2 [20, 21] . Although further satisfactory results are expected, a new strategy to overcome the low resistance and absence of bandgap in graphene is necessary to realize a spintronics device based on graphene.
This paper presents a perspective of conductivity change that differs from those of previous studies on Ni/graphene/Ni nanostructures: an in-plane conductivity change of graphene in a sandwich structure of monolayer graphene with Ni(111) slabs is proposed. In this study, instead of investigating the conductivity change perpendicular to the plane of the layered structure, the in-plane conductivity change of the graphene layer due to the magnetic alignment, i.e.
anti-parallel and parallel configuration, between the upper and lower Ni slabs was considered. The controllability of the spin-dependent Dirac states in this hybrid structure was studied through the magnetic properties and electronic structure of graphene. To explore the magnetic properties of Ni/graphene/Ni nano-spin-valve-like structure, especially the induced magnetic moment properties of graphene due to the anti-parallel or parallel magnetic configuration of the upper and lower Ni slabs, a density functional theory (DFT) spin generalized gradient approximation (spin-GGA) calculation was done to determine the spin-dependent charge density and magnetic moment of a Ni/graphene/Ni nanostructure. A band structure calculation was done to show the indication of graphene in-plane conductivity change by observing the change in the Dirac cone characteristic.
Methodology
The DFT-spin-GGA calculations were done using the Quantum ESPRESSO package [22] . Previous study reported that the original Perdew-Burke-Ernzerhof (PBE) [23] functional determines wrongly the interlayer distance between the graphene and the nickel layer at the interfaces in the most stable structure of Ni/graphene system [24] . Therefore, the revised Perdew-Burke-Ernzerhof functional, called the PBEsol [25] functional within the generalized gradient approximation (GGA), was used due to its consistency with experimental results in determining the interlayer distance. Ultrasoft pseudopotentials [26] were used to describe the electron-ion interaction. A kinetic energy cutoff of 50 Ry was used for wavefunctions to obtain a good convergence calculation. Since an appropriate k-point grid determined the convergence of the total energy calculation in this system, a k-point grid of 24×24×1 was used for all calculations.
The adsorption of the graphene layer on the top of Ni(111) has four possible structural stacking arrangements: (i) top/fcc-stacking-carbon atoms of graphene are placed on top of the first and third layers of Ni(111), (ii) top/hcp stacking-carbon atoms of graphene are placed on top of the first and second layers of Ni(111), (iii) hollow-stacking-carbon atoms of graphene are placed on top of the second and third layers of Ni(111), while the hollow site of graphene is placed on top of the first layer of Ni(111), (iv) bridge-stacking-bridge-site between two carbon atoms is placed on top of the first layer of Ni(111) [16, 27] .
The consistency of the PBEsol functional in determining the most stable stacking arrangement and the interlayer distance between graphene and Ni(111) slab was verified by calculating the total energy of the Ni/graphene system using the four different stacking arrangements and compare the interlayer distance of the lowest total energy structure with previous experimental and theoretical studies. The result demonstrated that the top/fcc-stacking was the lowest energy state in comparison with the top/hcp-, hollow-, and bridge-stacking by 25.9, 122.0, and 226.4 meV, respectively. Meanwhile, the interlayer distance between graphene and Ni(111) slab of top/fcc-stacking was 2.08Å . This result is in agreement with previous experimental and theoretical studies which reported top/fcc-stacking as the most stable structure with interlayer distance ∼ 0.21 nm [16, 24, 27, 28] . However, although the top/fcc-stacking is the most preferable structure, the difference between top/fcc and top/hcp is small enough to allow both configurations to occur.
Furthermore, the necessity of using van der Walls interaction in the calculation was verified by calculating the interlayer distance of the most stable structure, i.e., top/fcc-stacking, and comparing it with the calculation done without the inclusion of the van der Walls interaction. It was found that the interlayer distance difference was only 0.02Å, where the interlayer distances with the van der Walls interaction was 2.10Å. Although the interlayer distance with the inclusion of the van der Walls interaction was closest to the previous experimental studies, the small interlayer distance difference implies that the bonding between the nickel slab and graphene mainly comes from pd hybridization. Therefore, the contribution of the van der Walls interaction is omitted in this paper, and the main focus is placed on the covalent bond that comes from the pd hybridization of nickel atoms with carbon atoms.
The precise stacking arrangement of the Ni/graphene/Ni system has not yet been fully understood; the stacking of the Ni overlayer (slab) above the graphene must be verified. Since a relevant atomic configuration should usually be energetically lower than the others, this paper proposes three different arrangements of structural stacking for the upper part of the Ni/graphene interface, while top/fcc-stacking is determined for the lower part of the Ni/graphene by considering the most stable structural arrangement as shown in Fig. 1 In the model structure, a vacuum space of at least 30Å was inserted to avoid spurious interactions between the slab replicas. At first, the case of a three-layer nickel sandwich graphene layer was investigated. Then, the thickness of the nickel layers was varied from 1 to 6. To understand the magnetic configuration of the system, two initial magnetic configurations were set between the two nickel slabs: (i) anti-parallel configuration, for which the total magnetic moment of the upper and lower nickel slabs have an anti-parallel alignment, and (ii) parallel configuration, for which the total magnetic moment of the upper and lower nickel slabs have a parallel alignment. The total energies of the in-plane and out-of-plane magnetization directions were compared by adopting the noncollinear magnetism calculation with spin-orbit interaction terms. The in-plane magnetization direction was found to have an energy lower by only 1 meV. However, since this paper considers the functionality of in-plane conductance switching of graphene depending on the external magnetic field, the out-of-plane magnetization direction was chosen so that the anti-parallel and parallel of the Ni slabs could be controlled easily.
Results and Discussions

Total energy and magnetic properties
The total energies of the Ni/graphene/Ni system for each of the stacking arrangements were considered in order to understand which of the three different stacking arrangements was the most energetically stable. Table 1 shows the total energy difference of 3-layer Ni/graphene/3-layer Ni relative to the lowest energy state for AA-stacking, B'A-stacking, and BA-stacking in the anti-parallel Comparing the stable structures of the 3-layer Ni/graphene/3-layer Ni, it was found that BA-stacking has a slightly smaller interlayer distance than AAstacking, indicating that BA-stacking has a stronger pd hybridization than AAstacking. This difference shows that BA-stacking has the lowest energy among the three stacking arrangements. The strong pd hybridization between a carbon atom of the graphene layer with the upper or lower Ni(111) layer at the interface of BA-stacking leads to a charge transfer from the nickel layers to the graphene. Within the BA-stacking structure, the total energy of the anti-parallel configuration was lower than that of the parallel configuration by 10.5 meV. The anti-parallel configuration, which has a more stable energy state than the parallel configuration, is in agreement with experimental data reported by Mandal et al. [20] . This total energy difference mainly comes from the magnetic configuration within the graphene layer.
Spin-charge density mapping was created to understand the spin orientation of each atom in the 3-layer Ni/graphene/3-layer Ni. In Fig.2 , the AFM configuration of the carbon atoms within the graphene layer, when the magnetic configuration between the upper and lower nickel slabs was anti-parallel, is shown. When the magnetic configuration between the upper and lower nickel slabs is parallel, a ferromagnetic (FM) configuration, which has a higher energy than AFM configuration, occurs within the graphene layer. AFM configuration is realized as the most stable state, except when an external magnetic field The carbon atoms of sublattices A and B in graphene tend to have an antiferromagnetic (AFM) configuration due to the half-filled p z orbital and Pauli's exclusion principle. This rule is often found in organic molecules in sp 2 hybridization or magnetic alternant hydro-carbon systems [29, 30] . The spin configuration of AFM is often considered as a realization of the spin-density-wave.
Due to the nature of graphene, the carbon atoms of another sublattice will have the opposite alignment with the carbon atoms hybridizing with the nickel atoms. Therefore, the lowest energy state was found to be the anti-parallel configuration.
Interestingly, in the parallel configuration, FM spin alignment appears within The magnetic configuration, which is initiated by the magnetic interaction of configuration [32] . An additional remarkable point is that the total energy difference between the anti-parallel and parallel configurations is in the order of meV, which implies that the magnetic configuration change does not require an extremely high external magnetic field.
The total energy was calculated for various thicknesses to show the consistency of the most stable magnetic configuration and the orientation of the Ni/graphene/Ni nanostructure's magnetic moment. Table 4 shows the total energy for all variations of the number of Ni layers from 1 to 6 in the anti-parallel and parallel configurations. For the 1-layer Ni structure at both sides of the graphene, the lowest state is a non-magnetic state. The variation of the number of Ni layers from 2 to 6 implies that the anti-parallel configuration has the lowest energy, although the total energy difference between the anti-parallel and For graphene, the Dirac points appear at the special points of K and K'.
Since the three-fold rotational symmetry, glide-reflection symmetry, and chiral symmetry of the original graphene is preserved for the AB stacking of the 1-layer Ni/graphene/1-layer Ni, the Dirac point is maintained in this hybrid structure.
More precisely, Dirac cones were doubled in the band structure of Fig. 3 . At the Here, it should be noted that the effective potential at each sublattice is the same as the effective potential for the non-magnetic solution as far as the Ni /graphene/Ni system maintains the structural symmetry. Topologically, the arrangement of the effective Wannier orbitalφ i,η,± for both the upper and lower Dirac cones is the honeycomb lattice. Therefore, no gap opening happens for two Dirac cones in Fig. 3 .
When spin-density distribution causes a staggered contribution in a spindependent effective potential, a gap opening phenomenon occurs. This point is relevant for the discussion in the next section.
Effect of magnetic configuration on the electronic structure and in-plane conductance
The appearance of the induced magnetic moment on graphene and strong pd hybridization between the nickel and carbon atoms on graphene cause the Dirac cone characteristics of the graphene band structure to change.
The opening gap of the Dirac cone has been reported by previous theoretical studies of the Ni/graphene interface, where the gap size between the spin majority and spin minority channels is different due to the induced magnetic moment difference between sublattices A (carbon atoms with pd hybridization with nickel atoms) and B. The magnetic moment of carbon atoms can be also expressed as the spin-charge density difference between spin-up and spin-down (n ↑ (r) − n ↓ (r)). The charge density difference between spin-up and spin-down is proportional to the Stoner gap formed on the energy level difference between spin-up and spin-down. In the Ni/graphene interface case, the magnetic moment of carbon atoms on sublattice A is smaller than that of sublattice B; the Stoner gap in the carbon atoms on sublattice A is also smaller compare to that of sublattice B.
A relevant question here is whether not the Ni/graphene/Ni structures show any qualitatively different features from a single Ni/graphene interface. . For the case of anti-parallel configuration, Table 3 shows that the induced magnetic moment of the carbon atoms on sublattice A is in the opposite con-16 figuration to that on sublattice B. The magnetic moment of carbon atoms on sublattice A has a spin-up configuration, which means that the spin-up charge density is higher than the spin-down charge density (n A↓ ), while carbon atoms on sublattice B have the opposite configuration.
An integrated spin-charge density n η,↑ , and n η,↓ was introduced, where η is either A or B. The value of n η,σ is assumed to be obtained by integrating n σ (r)
within an ionic radius of the carbon atom, where σ =↑ or ↓. Table 3 also shows that the magnetic moment between the carbon atoms on sublattices A and B are comparably equal in the anti-parallel configuration. Therefore,
The spin-GGA effective potential has a contribution approximately proportional to the spin moment, or the spin density, n η,↑ − n η,↓ . This spin-dependent potential is lowered for the majority spin when the local spin density is given by the majority, while the minority spin feels higher energy. In other words, the energy of the up-electron decreases when the up-spin density increases, but increases when the down-spin density increases around the given point.
Therefore, the up-spin and down-spin suffer from different effective potentials v eff,σ (r) in the anti-parallel configuration. Taking a spin-dependent Wannier function,φ i,η,−,σ (r), created similar to that in the last section, a simple rule can be derived for an averaged spin-dependent contribution for the potential φ i,η,−,σ |v eff,σ |φ i,η,−,σ with respect to the Wannier basis.
Eqs. (1) and (2) conclude that a gap opens at the Dirac point due to the broken chiral symmetry. From Eqs. (3) and (4), it can be said that the gap size is the same for both the up and down spins. Therefore, the Stoner gap size formed on the spin majority and minority channels are equal, as shown in Fig. 4(a) . 
Although the Dirac cone still survives, the energy level between the Dirac cone on the spin majority channel is lower than the Dirac cone on the spin minority channel because of the characteristics of the ferromagnetic material. Note that the above discussion does not directly reveal the relations between the orbital energies of the Wannier basis. This is because the orbital energy is determined by the whole character of v eff, (r), where the majority spin gains energy by the large spin moment at the Ni atoms.
The opened gap of the Dirac electrons at the high symmetry K-point in the spin-majority and -minority channels for the anti-parallel spin configuration implies an increase of resistance on the in-plane conductance of the graphene layer compared to the pristine graphene. In contrast, the survival of the Dirac cone for the parallel magnetic configuration of the Ni(111) layers implies that the in-plane conductance via the K-point contribution will give lower resistivity compared to that in the anti-parallel spin configuration. Since the anti-parallel configuration is the lowest state, we can start from the high resistance state having the opened gap at the Dirac cone. Using an external magnetic field, the spin moment direction can be reversed. In the parallel configuration, the gap is closed in both majority and minority channels.
Thus, the structure can act as a field-induced switch for the electron current.
In case of unbalanced spin moments below and above the Graphene layer, the applied field may reverse one of the spin directions, maintaining the other stronger spin moment undisturbed. After switching off the field, the system can return to an energetically stabler anti-parallel spin configuration than the parallel configuration. Alternatively, even when a residual spin moment remains for the zero fields, the weakly locked moment can be reversed by applying a magnetic field in the opposite direction. This controllability is essential to consider an application of this system.
As an example, a junction system is proposed here. layers; in contrast, in the parallel configuration, the spin-majority and -minority channels created by Ni structures have different scattering processes. In the graphene layer, a closed gap phenomenon is observed, which allows the spin majority channel for the spin alignment to be less resistive than in the antiparallel spin configuration. In addition, owing to the spin blockade effect for current paths via the Ni(111) layers, a stronger conduction is observed for a selective spin direction only. Thus, we can easily create a spin-current switching.
At low temperatures, when coherent transmission becomes dominant for the current conduction, where a lateral element of the momentum along the edge is conserved, the spin filtering phenomenon is expected to be enhanced. Consider a wider Ni(111) layer region along the one-dimensional conduction path. Dirac electrons tunnel via states in the window opened in the Brillouin zone around the K-point. In the anti-parallel configuration, when only coherent tunneling paths along the structure determine the transmission probability, the current conduction is effectively blocked. This is because the gap is open and the Dirac electrons are blocked. Since transmission probability depends on the electronic structure at the scattering region, we can conclude a spin-configuration dependent tunneling phenomenon in this junction structure. This effect will lead to a spin filtering effect of electron current in the graphene electrode. In the antiparallel configuration, this junction system also leads to a spin Hall effect [33] owing to the spin-orbit interaction originating in the Ni layers.
The opened gap structure at the Ni(111)/graphene/Ni(111) interface suggests a moment-direction-dependent characteristic for the lateral conductance with a perpendicular current path. In this conventional use for a Ni-based spin valve, the gap opening effect should be considered properly. The determination of the transmission probability is future work for the present study.
The opening gap of the Dirac cone in the anti-parallel configuration and the survival of the Dirac cone in the parallel configuration are consistent for 2-layer 21 and 4-layer nickel, as shown in figure 6 . For the number of Ni layers more than four, the band-structure becomes extremely complex, making recognizing the Dirac cone characteristics difficult. However, owing to a preserved symmetry, we can expect the same physics.
Conclusions
In this study, DFT (spin-GGA) calculation on 3-layer Ni/graphene/3-layer Ni shows that among the three stacking arrangements, the BA-stacking is the stablest stacking structure, and within BA-stacking, the anti-parallel configuration of upper and lower Ni(111) slabs has lower energy than the parallel configuration. This finding is in agreement with the previous experimental study.
The two magnetic arrangements of Ni (111) 
